ABSTRACT Foraging groups of Formosan subterranean termites, Coptotermes formosanus Shiraki were tested for their relative humidity (RH) preference in a humidity gradient arena in the laboratory at a constant temperature of 26ЊC. Five RH levels (9%, 33%, 53%, 75%, and 98%) were maintained in the test arena comprising of a series of closed containers by using dry silica gel, saturated salt solutions, or distilled water alone. Termites gradually aggregated to the highest RH chamber in the arena. After 1 h, a signiÞcantly greater percentage of termites (Ϸ46%) aggregated to the highest RH chamber (98%) than to the lower RH chambers (Յ75%). After 12 h, Ͼ 97% of the termites aggregated to the 98% RH chamber. In survival tests, where termites were exposed to 15 combinatorial treatments of Þve RH levels (9%, 33%, 53%, 75%, and 98%) and three temperatures (20ЊC, 28ЊC, and 36ЊC) for a week, the survival was signiÞcantly inßuenced by RH, temperature, and their interaction. A signiÞcantly higher mortality was observed on termites exposed to Յ75% RH chambers than to 98% RH chamber at the three temperatures and signiÞcantly lower survival was found at 36ЊC than at 28ЊC or 20ЊC. The combination of temperature and RH plays an important role in the survival of C. formosanus.
The invasion of a new habitat by an introduced species may depend on a number of factors such as the suitability of the abiotic environment (Blackburn and Duncan 2001) , the ability of the species to adapt to the novel environment (Sax and Brown 2000) , and the interaction between the invader and the recipient community (Vitousek et al. 1996 , Holway 1998 . Invading social insects are among the most harmful organisms, which disrupt indigenous communities, impact large geographic areas, and are usually expensive to manage (Holway 1998) .
The Formosan subterranean termite, Coptotermes formosanus Shiraki, is one such invasive social insect and has made its home in most of the states of the southern United States (Woodson et al. 2001) . Both biotic and abiotic factors play a role in the successful establishment of this species. Of the abiotic factors, moisture and temperature play a vital role in determining which areas are the most suitable for this invasive insect (Emerson 1955 , Rudolph et al. 1990 ). Some studies (Delaplane and La Fage 1989; Fei and Henderson 2002; Nakayama et al. 2004 Nakayama et al. , 2005 Gautam and Henderson 2011a,b) have shown that moisture and temperature are important determining factors for feeding preference and survival of C. formosanus. The workers and soldiers, which comprise a large proportion of the colonyÕs population, have a soft integument that makes them extremely vulnerable to desiccation (Moore 1969) . Therefore, the availability of moisture may be an essential precondition for the establishment of C. formosanus into an area.
Moisture studies on subterranean termites have mostly been focused on understanding the feeding activities of termites at different temperatures, substrate moisture, and relative humidity (RH) conditions. For example, Yusuf et al. (2000) reported that the optimum RH for the activity of C. formosanus was Ͼ70% at a constant temperature of 28ЊC. Similarly, Nakayama et al. (2004) reported the optimum RH conditions for feeding to be 90% for C. formosanus and 70 Ð90% for Reticulitermes speratus (Kolbe) at 30ЊC. These authors provided moistened food in their experiments. Providing moist food means termites would be able to obtain moisture from the food source even if the ambient RH condition was recorded to be very low. It is probable that moisture emitted from moist substrate or food contributes to the micro-atmospheric RH, increasing the RH around the termiteÕs body. Sponsler and Appel (1990) reported that substrates such as termite nest materials that have a moisture content Ͼ16% usually have their interstitial spaces at or near saturated RH levels. Therefore, a true RH study is probably not possible when moist food is provided. In other words, stable and deÞned RH may only be possible when bioassays are conducted in the absence of moist food (starvation condition), moist substrate, or both. Although termites may have plenty of food in nature, it is not uncommon for foraging groups to become isolated from their food sources and face periods of starvation during the course of food search, or because of various reasons like natural calamities and human activities (Husby 1980 , Forschler and Henderson 1995 , Strack and Myles 1997 . Here, we attempted to assess the preference for atmospheric RH at a constant temperature and the impact of various RH and temperature levels in the survival of groups of C. formosanus under starvation conditions. This study will be of practical use to obtain knowledge on how long termites will survive while searching for food in a heterogeneous environment, for example, in housing structures where apparently no tubing connection with the soil or moist food source remain established.
Materials and Methods
Termites. Formosan subterranean termites were collected from Brechtel Park and along the ßood walls on Tchoupitoulas Street in New Orleans, LA in April and May 2008 by using milk crate traps according to the methods described in Gautam and Henderson (2011a) . The termites were maintained in the laboratory in Rubbermaid trash cans (121 liters, Roughneck, Newell Rubbermaid Inc., Atlanta, GA) with wet wood under high RH for a maximum of 3 mo before they were used for the tests.
RH Preference Trials. Experimental chambers for RH preference trials were constructed by connecting Þve round plastic containers (inside dimensions: 10.3 cm in diameter by 12.1 cm deep; Pioneer Plastics Inc., North Dixon, KY) with small clear vinyl tubes (4 cm long, 0.64 cm i.d., Watts Co., North Andover, MA) in a linear arrangement. A small PVC coupling (LASCO 3.81 cm in diameter by 6.99 cm tall) was attached at the base inside each container with an adhesive sealant (Loctite, Hankel Consumer Adhesives Inc., Avon, OH) instant crazy glue, which served as a stand for an open petri dish (100 mm by 15 mm). The vinyl tubes were inserted into the snugly Þtting holes made by a soldering iron on the container and also the petri dish placed on the PVC stand inside the container so that termites could easily have access from one petri dish to another among the Þve containers (Fig. 1) . The test containers were partially Þlled with either silica gel, distilled water, or a series of salt solutions so as to maintain a humidity gradient of 9 Ð98% in the test arena. Saturated salt solutions were prepared according to the methods of Winston and Bates (1960) . Previous studies have shown that the use of saturated salt solutions to maintain a particular RH in a closed container had no adverse odor effects on insects including termites (Smith and Rust 1993 , Steidle and Reinhard 2003 , Walters and Mackay 2003 . The subsequent RH provided by the salt solutions in the middle three containers, were as follows: -MgCl 2 0.6H 2 O (33%), Mg (NO 3 ) 2 0.6H 2 O (53%), and NaCl (75%). The Þrst container was partially Þlled with dry silica gel that provided the lowest RH (9%), and the Þfth was partially Þlled with distilled water that provided an RH near saturation (98%). Each saturated solution was prepared by dissolving the appropriate amount of salt in boiling water and adding more salt as the solution cooled down so that some undissolved salt crystals remained in the solution. This solution was poured in the container and the container left to equilibrate for 1 d to ensure the desired RH in the chamber. On the second day, the RH in each chamber was measured using a Testo 625 humidity meter (Testo Inc., Sparta, NJ), and 50 termites (42 workers and eight soldiers; workers were externally undifferentiated individuals developed to at least the third instar) were placed in the petri dish of each container (in total, 250 termites in each trial). The petri dishes contained a monolayer of autoclaved and oven-dried sand to facilitate the termite movement as our preliminary tests showed that termites moved faster and easier in the presence of sand than on a smooth dish surface. The containers were immediately closed and left undisturbed at Ϸ26ЊC. As the level of the salt solution was below the petri dish level, there was no contact of termites with salt solutions. The numbers and locations of living and dead termites were recorded after 1, 2, 4, and 12 h. Six replications were conducted using termite groups from two colonies. To reduce the effects of directional bias, replicates were placed facing in different directions in the laboratory. Survival Trials. Test chambers for survival trials were constructed using the same procedures as described in the preference trials except that the containers were not connected to each other and no holes were present in the containers or petri dishes. Individual containers were partially Þlled with the aforementioned saturated solutions including dry silica gel and left to equilibrate for 1 d. In total, there were 15 combinatorial treatments of Þve RH levels (9%, 33%, 53%, 75%, and 98%) and three temperature levels (20ЊC, 28ЊC and 36ЊC; maintained in three incubators). After 1 d of equilibration, 50 termites (42 workers and eight soldiers; workers were externally undifferentiated individuals developed to at least the third instar) were placed in the open petri dish in each container and the containers were placed in three incubators set to the three different temperatures. Trials were replicated three times with termite groups collected from a single colony. Dead and living termites were recorded after 1, 2, 4, 12, 18, 24 h and every 12 h interval thereafter up to 180 h. Fungus growth on the dead termites was also recorded.
Statistical Analysis. In the RH preference tests, the proportion of living termites in each RH chamber at various time periods was recorded. Dead termites were not counted so that the proportion of living termites in all RH chambers always summed to one (or 100%). This type of data is called compositional data and contains only relative information. If one component increases, others must decrease, hence they are not independent. One way of dealing with such data are the transformation of raw proportions to "centered logratio" (Aitchison 1986). The centered log ratios are not constrained to sum to one (or 100%) and can therefore be analyzed using standard statistical techniques (Pawlowsky-Glahn and Egozcue 2006). Here, the transformed data were analyzed using repeated measures analysis of variance (ANOVA) with RH as between subject effect and time as within subject effect. Because termites were used from two colonies, the colony effect was analyzed using a two sample t-test.
The survival data were arcsine of the square root transformed and analyzed using repeated measures analysis where RH and temperatures were the between subject effects and time as within subject effect. Analyses were performed using generalized linear model in SAS software (2002Ð2003 SAS Institute Inc. Cary, NC).
Results

RH Preference.
Colony had no signiÞcant effect on termite aggregation among the various RH chambers (two sample t-test: P ϭ 0.99). There was a signiÞcant interaction effect of RH by time (F 12, 75 ϭ 12.32, P Ͻ 0.0001). Similarly, there was a signiÞcant between subject effect (effect of RH: F 4, 75 ϭ 53.28, P Ͻ 0.0001) but there was no within subject effect (effect of time: F 3, 75 ϭ 0.0, P ϭ 1). After 1 h, a signiÞcantly greater percentage of the released termites aggregated to the highest RH chamber (Ϸ 46%) compared with any of the lower RH chambers. As more and more termites moved to the highest RH chamber, Ϸ97% of the termites aggregated in the highest RH chamber after 12 h, which was Ϸ 85% of the total released termites (Ϸ12% termites died during the 12-h period, all in the Յ75% RH chambers). The percentage of termites aggregated in the four lower RH chambers did not differ signiÞcantly among each other at any observation periods except at the 4-h observation period where the percentage of termites in the 35% RH chamber was signiÞcantly greater (Ϸ6%) than in the 74% RH chamber (Ϸ3%) ( Fig. 2A to D) .
Survival. Survival of starved C. formosanus in the laboratory test arena was impacted signiÞcantly by the interaction of temperature and RH over time (F 144, 540 ϭ 23.17, P Ͻ 0.0001), by temperature over time (F 36, 540 ϭ 101.13, P Ͻ 0.0001), and by RH over time (F 72, 540 ϭ 25.69, P Ͻ 0.0001). Separate repeated measures ANOVA conducted for each RH solution revealed that in the 9% RH chamber the survival of the termites at 2-h postexposure declined signiÞ-cantly at 36ЊC (74.67% survival) compared with those at 20ЊC or 28ЊC (100% survival in both). At the 4-h period, there was Ϸ5% survival at 36ЊC but the survival did not decline at 20ЊC or 28ЊC. At 28ЊC, survival was reduced signiÞcantly at 12-h postexposure (8.6%) compared with that at 20ЊC (97.3%). About one-third of C. formosanus survived (32.6% survival) for 48 h at 20ЊC but this was reduced to Ϸ 7% at 60-h postexposure at this temperature (Fig.  3A) .
Termites exposed to the 33% RH chamber survived relatively longer than in the 9% RH chamber. At 4-h postexposure, the survival was reduced signiÞcantly at 36ЊC (63%) compared with 20ЊC or 28ЊC (100% in both). The survival at 28ЊC was reduced signiÞcantly at 18-h postexposure (4.6%) whereas at 20ЊC, Ͼ 98% termites were alive. At 60-h postexposure, Ϸ25% of the termites were alive at 20ЊC (Fig. 3B) .
In the 53% RH chamber, 87% of the termites were alive at 4-h postexposure at 36ЊC, which was signiÞ-cantly lower than the 100% survival at 20ЊC or 28ЊC. Most of the termites died at 36ЊC at the 12-h period (2% survival). The same level of reduction in survival (2% survival) was observed at 36 h of exposure at 28ЊC, whereas Ͼ90% survival was observed during this period at 20ЊC. The survival reduced to 7% at 96 h of exposure at 20ЊC (Fig. 3C) .
At 75% RH, termites survived relatively longer than in the lower RH chambers at all the three temperatures. At 36ЊC, Ϸ27% termites survived at 12-h postexposure but almost all the termites died at 24-h postexposure, which was signiÞcantly different compared to the survival at 28ЊC and 20ЊC (78.66% and 99.33% survival, respectively). At 28ЊC, the survival reduced to Ͻ10% at 48-h postexposure whereas the survival was still Ͼ97% at 20ЊC. There was Ͼ40% survival at 108-h postexposure at 20ЊC, but it was reduced to 11.33% at 132 h of exposure (Fig. 3D) .
When the RH was near saturation (98%), termites survived the longest compared with all other RH chambers at all the three temperatures. There was no signiÞcant difference in survival at 12-h postexposure among the three temperatures. But at 18-h postexposure, the survival was signiÞcantly lower at 28ЊC and 36ЊC (95.33% and 93.33%, respectively) than at 20ЊC (100%). The survival was reduced to 30% at 60-h postexposure at 36ЊC but survivals remained signiÞcantly higher at 20ЊC and 28ЊC during this period (95.33% and 91.33%, respectively); all the termites died at 84-h postexposure at 36ЊC. After 120 h of exposure, although a higher trend of survival was observed at 28ЊC (80%), the difference was not statistically signiÞcant compared with that at 20ЊC (55% survival) (Fig. 3E) .
Fungi attack was not observed on dead termite bodies in any of the RH chambers placed at 20ЊC, or in RH chambers at or below 75% at all the three temperatures. However, dead termites at 98% RH chambers placed at 28ЊC and 36ЊC incubators were covered by fungal growth (data not shown).
Discussion
The results from this study supported our hypothesis that C. formosanus workers and soldiers aggregate to the highest RH area. Individual workers and soldiers preferentially selected the highest RH chamber in the RH gradiant arena, and at the group level, survival of C. formosanus was greatest at the near saturated RH environment. In our previous study (Gautam and Henderson 2011a), we reported that C. formosanus randomly aggregated to one of the chambers that had high RH (Ͼ98%) and moist sand substrate irrespective of the sand moisture levels unless the sand was dry or saturated. However, when it comes to wood consumption, high RH alone was not enough, rather they were found to preferentially select the wood having the highest initial moisture levels (Delaplane and La Fage 1989, Gautam and Henderson 2011b) . These studies suggest that substrate moisture level and wood moisture level distinctly inßuence C. formosanus biology. In the present experiment, there was no food source or moist substrate in the bioassay arena (a monolayer of dry sand in the RH preference test arena was intended just to facilitate termite walking), which means termites were inßuenced by environmental RH only and they chose the aggregation site based on RH preference.
Termites are known to employ various behavioral mechanisms such as avoidance (Steward 1981 (Steward , 1982 Cabrera and Rust 1996; Gautam and Henderson 2011a) and aggregation (Collins 1969 , Minnick et al. 1973 , Steward 1982 to minimize the effects of desiccation. Here we suggest that the avoidance behavior by Formosan subterranean termites was observed as they avoided low RH chambers. Strack and Myles (1997) suggested that foraging groups of R. flavipes avoided the exposure of adverse temperatures by moving downward in the ground where temperatures were more favorable. Similarly, Hu and Song (2007) demonstrated the behavioral avoidance of adverse temperature in foraging groups of C. formosanus. In the present preference test, the temperature was constant, therefore the high RH alone served as the cue for C. formosanus aggregation.
Cuticular water loss represents the most important potential source of body ßuid leakage in terrestrial insects (Edney 1977 , Hadley 1985 . Water loss is enhanced by the large body surface area to mass ratio of these small arthropods (Edney 1977 , Hadley 1994 . Insects with soft cuticle, such as workers and soldiers of subterranean termites, are extremely susceptible to desiccation because they lose moisture rapidly through the highly permeable integument (Collins 1969 , Moore 1969 , Sponsler and Appel 1990 . The epicuticular permeability is affected by environmental factors such as temperature and RH. Temperature alters the phase of the lipid component of the epicuticular wax layer and RH inßuences the saturation deÞcit, or potential for water loss (Edney 1977). We did not measure, however, how much impact was on RH in the closed container by the water loss from termitesÕ body. We assume that because the RH chamber was fairly big, the water loss might not have increased the RH level signiÞcantly. Survival of groups of termites exposed to various temperatures, RH conditions, or both is closely correlated with their distribution and habitat patterns characteristic of that species. In this study, C. formosanus showed a tendency of higher survival at high atmospheric RH (98%) and medium temperature (28ЊC). These environmental conditions commonly prevail in most of Louisiana. Southern parts of Louisiana, including cities like New Orleans and Baton Rouge, have mean monthly temperatures around 28 Ϯ 2ЊC from May to September. Even in the condition where soil moisture content is low, it should be sufÞcient enough to make the RH in the soil pores near saturation making the substrate suitable for C. formosanus (Gautam and Henderson 2011a) . We believe that such a favorable habitat in most part of Louisiana is one of the important reasons of a dramatic increase of C. formosanus infestation in the state (La Fage 1987 , Henderson 2001 .
Collins (1991) reported that survival time for species of Rhinotermitidae exposed to 0 Ð 4% RH and 34ЊC could be measured in minutes or hours. The present results showed a similar trend in which Ͻ5% C. formosanus survived Ͼ4 h at 9% RH and 36ЊC. The level of desiccation tolerance varies even among species of Rhinotermitidae. For instance, Khan (1980) reported that Coptotermes niger Snyder and R. speratus were more susceptible to desiccation than Heterotermes indicola (Wasmann) and Reticulitermes tibialis Banks. He also reported that termites of the same species but of the different geographical locations showed differences in their resistance to desiccation. Temperature plays an inherent role to either enhance or delay the rate of desiccation. In the current study, the fastest rate of mortality because of desiccation was observed in termites exposed at high temperature (36ЊC) followed by medium (28ЊC) and then low temperature (20ЊC) at a given RH condition. Survival of the temperate species like Reticulitermes hesperus Banks was highest in cool temperatures (16 Ð21ЊC) and high RH (Ͼ99%) (Smith and Rust 1993) . Unlike subterranean termites, drywood termites in the genus Cryptotermes Banks have been reported to have an extreme desiccation tolerance capacity (Minnick et al. 1973; Steward 1981 Steward , 1982 Rudolph et al. 1990; Collins 1991) .
In the present survival tests, although termites were starved, starvation does not seem to be the leading cause of mortality. In preliminary studies, where groups of C. formosanus were released in moist sand substrate but no food source, not a single termite died of starvation when observed after a 2-wk period. Song et al. (2006) reported Ͻ10% mortality on starved C. formosanus at 10 d. It was obvious that the leading cause of mortality on termites exposed to low RH chambers (Յ75%) was desiccation whereas a combination of factors, including attack of pathogenic fungi, desiccation, and starvation may have contributed for the death of termites exposed to 98% RH chambers.
We assume that starvation may have reduced the resistance of termites to pathogenic fungi attack and also to desiccation tolerance. Rudolph et al. (1990) suggested that passive water uptake by an insect body from the atmosphere is not possible unless the atmosphere is damp. He demonstrated that C. formosanus lost up to 10% of its body mass within 1 d even when placed at atmospheric RH close to the saturation point, i.e., 98%. He therefore concluded that atmospheric RH is only a minor and mostly indirect importance for the water balance and the survival of subterranean termites. Our present results showing the mortality of Ϸ 50% termites at 7 d even when placed at environmental conditions of 98% RH and 28ЊC indicated that C. formosanus needs additional sources of water for their normal activities and survival.
Our results showed that termites were not attacked by pathogenic fungi at low temperature (20ЊC) irrespective of the RH levels, or Յ75% RH levels irrespective of the temperatures, possibly because these environmental conditions were not favorable for the pathogenic fungi to grow and proliferate (Gillespie and Crawford 1986 , Hywel-Jones and Gillespie 1990 , Rath 2000 . However, pathogenic fungi attack may have enhanced the termite mortality at high temperatures and high RH conditions. Studies such as Higa (1981) and Jayasimha and Henderson (2007) reported the possibility of high mortalities in termite colonies maintained in the laboratory because of attack of pathogenic fungi. In nature, however, C. formosanus may use naphthalene to fumigate its nest, which inhibits the growth of the pathogenic fungi (Chen et al. 1998) .
Results herein suggest that starvation is not the major cause of death of foraging groups of C. formosanus when they are isolated from a moist food source, moist substrate, or both; rather, they will die from desiccation if the atmospheric RH is low and desiccation and pathogenic fungi attack if the atmospheric RH is close to saturation point before they are directly affected by starvation. We suspect that the low movement (or activities) of termites in a conÞned situation in the laboratory arena may also have weakened their natural immune power against the causal mortality factors.
